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Editorial handling by M. KerstenA mass-ﬂow event triggered by the 1996 ﬂood in the Saguenay region buried the mercury-contaminated
indigenous sediments at the head of the Saguenay Fjord under up to 50 cm of postglacial deltaic sedi-
ments. The vertical distributions of total mercury and methyl-mercury in the sediments and pore waters
were measured in box cores recovered from the Saguenay Fjord within and outside the affected area prior
to and on six consecutive years after the ﬂood. The total solid mercury (THgs) proﬁles show that remo-
bilization was limited and most of the mercury remobilized from the contaminated, indigenous
sediments was trapped below or slightly above the former sediment–water interface by authigenic
acid-volatile sulﬁdes (AVS). Nonetheless, a small fraction of the remobilized mercury diffused into the
ﬂood layer, some of it was methylated and/or scavenged by organic matter and AVS. Elevated solid-phase
methyl-mercury concentrations, [MeHgs], at depth in the sediment are correlated to peak AVS and THgs
but, in the absence of elevated dissolved methyl-mercury concentrations, [MeHgd], the higher [MeHgs]
may reﬂect an earlier episode of Hg methylation, the product of which was scavenged by the AVS and
buried. Throughout the sediment cores, sediment–water partitioning of MeHg and Hg(II) appears to be
controlled in great part by the AVS and residual organic matter content of the sediment.
 2014 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Mercury, like lead and cadmium, is included in the ‘‘Red-List’’ of
priority pollutants and in List I of the EEC Dangerous Substances
Directive (1967). It is directly responsible for the death of more
than 1400 individuals worldwide over the past 60 years (D’Itri,
1992; Jahanbakht et al., 2002). The main vector of mercury to
humans is through the ingestion of methyl mercury-bearing ﬁsh,
seafood and rice (Bloom, 1992; Macdonald and Bewers, 1996;
Plessi et al., 2001; Feng et al., 2008). Mercury poisoning can lead
to physiological and neurological disorders such as impaired motor
skills or mental derangement, weakened immune response,
reduced reproductive success and even coma and death (Stern,
2005; Mergler et al., 2007; Karagas et al., 2012).
In lacustrine and estuarine sediments, remediation of mercury-
contaminated sediments usually include dredging (Hosokawa,
1993; Barbosa and de Almaida, 2001; Wang et al., 2004; Randall
and Chattopadhyay, 2013), in-situ and ex-situ capping (Jacobs
and Förstner, 2001; Eek et al., 2007; Johnson et al., 2010), binding
to sorbent materials (Knox et al., 2008; Bower et al., 2008; Gosh
et al., 2011; Chavez et al., 2013), (co)-precipitation (Piao andBishop, 2006), and phytoremediation (Chattopadhyay et al.,
2012). When the sediments are to be isolated from the overlying
water column, it is critical to have detailed knowledge of the spe-
ciation and distribution of mercury in the sediments as well as to
continuously monitor their evolution after isolation to detect
remobilization of the mercury (Johnson et al., 2010).
Between 1947 and 1976, the Saguenay Fjord was contaminated
by the activity of a chlor-alkali plant at Arvida, 24 km upstream
from the head of the fjord (8 km west of Chicoutimi, now amal-
gamated into the greater municipality of Saguenay; Fig. 1). This
plant discharged an estimated 300 metric tons of mercury during
its lifetime (i.e., 1947–1976), 120 metric tons of which now reside
in the sediments of the Saguenay Fjord (Loring, 1975; Smith and
Loring, 1981). In 1971, reports of severe mercury contamination
of the aquatic fauna (e.g., Tam and Armstrong, 1972) led to restric-
tions on commercial ﬁshing of shrimp, crab and cod in the Sague-
nay Fjord (Cossa and Desjardins, 1984; Desjardins, 1989). In 1972,
the implementation of federal regulations that govern wastewater
discharge to aquatic systems and the application of remedial
actions greatly reduced the amount of Hg released by chlor-alkali
plants throughout Canada and eventually led to the closure of
the Arvida plant in 1976. Despite these actions and the relatively
high sedimentation rates (i.e., 0.2 to >10 cm/yr; Smith and
Walton, 1980; Barbeau et al., 1981) in the Saguenay Fjord, mercury
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0.8 lg/g), higher than the pre-industrial levels of 0.15 lg/g
(Loring, 1975; Barbeau et al., 1981; Louchouarn and Lucotte, 1998).
Between July 19 and 21 1996, an exceptional meteorological
event in the Saguenay region (Yu et al., 1997; Lapointe et al.,
1998) resulted in widespread ﬂooding in the steep catchments
along the Saguenay River, the western part of the Saguenay Fjord
and the Baie des Ha! Ha! (Fig. 1). The ﬂash ﬂood caused mass ﬂows
that displaced an estimated 15  106 m3 of postglacial marine
clays and debris, and deposited a layer up to 50 cm thick over
the mercury-contaminated sediments of the fjord in less than
48 h (Tremblay et al., 2003). These ﬂood sediments contain much
lower levels of mercury than the indigenous sediments (Pelletier
et al., 1999) they covered. It has been proposed that, since the ﬂood
event, the ﬂood layer has served to isolate the contaminated sedi-
ments from the water column and the benthic organisms that live
close to the new water–sediment interface (Pelletier et al., 2003).
In this study, we investigated the validity of this hypothesis by
monitoring mercury concentrations, its speciation and the extent
of its remobilization in the fjord sediments after the ﬂood. Analyses
were performed on the solid and dissolved phases recovered from
cores collected at three stations: SAG-30, SAG-05, and SAG-09, sit-
uated along the main axis of the fjord and in the Baie des Ha! Ha!
(Fig. 1), prior to the ﬂood and from 1996 to 2002.2. Materials and methods
2.1. Fjord morphology and hydrographic characteristics
The Saguenay Fjord is a 93 km long, 1–6 km wide U-shaped
submerged valley, bounded by sheer, vertical walls that reach up
more than 300 m above the water line. Situated approximately
150 km northeast of Quebec City on the north shore of the St. Law-
rence Estuary, it connects with the estuary at Tadoussac through a
20-m deep sill. Its bathymetry is deﬁned by three basins separated
by two sills at 60 and 120 m depth, located approximately 20 km
and 30 km, respectively, from the mouth of the fjord. The outer
basin is up to 250 m deep whereas the inner basin has a depth of
275 m. The latter branches out at the head of the fjord into two
shallow arms: the Baie des Ha! Ha! to the southwest and the North
Arm to the northwest (Fig. 1). The North Arm extends towardFig. 1. Map of the Saguenay Fjord showing the sampling sites. Numbers in parentheses arChicoutimi and the Saguenay River, the fjord’s main tributary
(Smith and Loring, 1981; Schafer et al., 1990). Detailed descriptions
of the physiographic features of the Saguenay Fjord can be found in
Schafer et al. (1990) and Locat and Levesque (2009).
The water column of the fjord is characterized by a sharp
pycnocline that separates two distinct water masses. The thick bot-
tom layer is well-mixed and oxygenated, with waters penetrating
landward from the St. Lawrence Estuary as they episodically spill
over the sills (Therriault and Lacroix, 1977; Siebert et al., 1979;
Stacey and Gratton, 2001; Bélanger, 2003; Belzile and Bourgault,
2014). Bottom-water practical salinities (SP) are approximately
30.5 (Mucci et al., 2000), with temperatures ranging from 0.4 to
1.7 C (Fortin and Pelletier, 1995). The surface layer consists of
brackish waters (SP  0–10) resulting from the turbulent mixing
of the outﬂow from the Saguenay River and the underlying marine
waters. The thickness of this layer decreases as its salinity
increases progressively toward the mouth of the fjord. The surface
water temperatures range from freezing in winter to 16C in sum-
mer (Fortin and Pelletier, 1995). Detailed hydrographic character-
istics of the fjord can be found in Schafer et al. (1990) and
Gratton et al. (1994).
The Saguenay Fjord is part of the Saguenay–Lac-Saint-Jean
watershed, with a drainage basin of 85,500 km2. Erosion of glacio-
marine clays supplies much of its suspended load (Locat and
Leroueil, 1988). Particulate organic matter originates from both
natural and anthropogenic sources but, until recently, mostly from
pulp and paper mill discharges (Pocklington and Leonard, 1979;
Louchouarn et al., 1997, 1999). Sedimentation rates decrease sea-
ward and range from 2–7 cm/yr at Saint-Fulgence to <0.2 cm/yr
in the deep inner basin as deposition is almost entirely governed
by hypopycnal processes (Smith and Walton, 1980; Perret et al.,
1995). Sediments that accumulate under near steady-state condi-
tions are bioturbated and consist of dark grey silty clays to clayey
silts (e.g., Smith and Walton, 1980). Their organic carbon content
ranges from 0.5% to 3% (dry weight). The sediments are therefore
highly reducing and the oxygen penetration depth rarely exceeds
5 mm (Deﬂandre et al., 2000, 2002; Mucci et al., 2000, 2003). Adja-
cent to the mouth of the Saguenay River, spring runoff deposits
consist of dark organic-rich sandy layers that contrast with the
ﬁner-grained material that settles during the low runoff fall and
winter periods (Smith and Loring, 1981).e the approximate thickness of the ﬂood layer in cm. Taken fromMucci et al. (2003).
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major landslides involving late-Wisconsinian (8000–11,000 BP)
Champlain Sea/Mer de la Flamme marine clays. In addition to the
1996 mass ﬂow, other notable events include the May 4th 1971
landslide at St. Jean-Vianney (10 km northwest of Chicoutimi)
and the 1924 slide at Kenogami (10 km west of Chicoutimi). Trig-
gered by a period of heavy rainfalls, the St. Jean-Vianney landslide
displaced an estimated 6.9  106 m3 of sediment in a layer that can
be detected up to 30 km downstream of the landslide area (La
Rochelle, 1973).
2.2. Sampling history
Throughout the 1990s and up to 2002, cores were collected at a
number of stations along the main axis of the Saguenay Fjord. This
study focuses on data obtained from three sites: SAG-05, SAG-09
and SAG-30 (Fig. 1). SAG-05 (48240N 70490W) is situated in the
North Arm in approximately 90 m of water. The sedimentation rate
(x) at this site has been estimated at 1 cm/yr (Smith and Walton,
1980; Mucci and Edenborn, 1992). SAG-09 (48210N 70470W) is in
the middle of the Baie des Ha! Ha! at a depth of approximately
150 m (x = <0.2 cm/yr; Barbeau et al., 1981) whereas SAG-30
(48210N 70230W) is in the deepest part of the inner basin in
270 m of water (x = <0.2 cm/yr; Smith and Walton, 1980).
Stations SAG-05 and SAG-09 are both within the area affected
by the 1996 ﬂood event but are characterized by different sedi-
mentation regimes and sediment geochemistries. Station SAG-30
received only a very thin (<1 mm) discontinuous layer of the ﬂood
material that could only be detected visually in 1996 and, thus, the
sediments at this station were not affected by this event (Mucci
et al., 2003). For this reason, it is used as a reference station to rep-
resent the steady-state conditions in the fjord throughout the sam-
pling period. In addition, cores taken before and after the ﬂood at
stations SAG-05 and SAG-09 serve to deﬁne the initial conditions
and the temporal evolution of the sediment chemistry following
the ﬂood.
2.3. Sampling methods
Forty-ﬁve to ﬁfty-cm long sediment cores were recovered using
a 0.06 m2 Ocean Instruments Mark II box-corer with minimal dis-
turbance of the sediment–water interface. Upon recovery, the
cores were transferred to and sub-sampled in a customized glove
box (Edenborn et al., 1986). The glove box was purged by a contin-
uous ﬂow of nitrogen that limited sediment oxidation during sub-
sampling. Vertical sub-sampling of the core was carried out
according to a set grid, typically every 0.5 cm for the ﬁrst cm, every
1 cm over the next 5–6 cm, and every 2–5 cm over the remainder
of the core. As each layer was exposed (i.e., by lowering the front
plate of the box), Eh measurements and solid sub-samples were
taken. Samples for solid and pore-water analyses were transferred
to pre-weighted plastic scintillation vials and pore-water squee-
zers, respectively. The solids were freeze-dried and homogenized
by grinding using an agate mortar and pestle. The water content
of the sediments and the salinity of the pore waters were used to
calculate the sediment porosity. Additional solid samples were
taken using mini-cores (i.e. 13-mL polyethylene screw cap test
tubes with their distal ends cut off and a 10-mL syringe plunger)
at a rate of two per sampling interval and frozen for acid-volatile
sulﬁde (AVS) and sediment methyl-mercury analyses. Pore waters
were extracted with Reeburgh-type squeezers (Reeburgh, 1967)
and ﬁltered in-line through a glass-microﬁber ﬁlter and a
0.45 lm Type HA Millipore ﬁlter before being collected in acid-
cleaned 60-mL plastic syringes. The squeezers were washed in
tap water and air-dried before being re-used in order to avoid
cross-contamination between samples. Pore waters destined fortotal mercury and methyl-mercury analyses were recovered only
between 1999 and 2002. The pore waters were then transferred
to a number of glass and plastic containers, including acid-cleaned
Teﬂon bottles for total mercury and methyl-mercury analyses. The
latter were acidiﬁed with a 1% equivalent volume of Seastar Ultra-
pure concentrated HCl.
2.4. Analytical methods
Analytical procedures for total dissolved and solid-phase mer-
cury determinations were described in detail by Gagnon et al.
(1996). Brieﬂy, solid-phase total mercury, THgs, analyses were car-
ried out following micro-wave acid digestion (HCl:HNO3; 1:10) of
approximately 0.1 g of freeze-dried sediment in Teﬂon reactors.
The acid digestion was followed by the reduction of Hg(II) to
Hg(0) in a stannous chloride solution, pre-concentration of Hg(0)
on a gold-coated quartz-sand column, thermal desorption and
detection by cold-vapor atomic ﬂuorescence spectrometry
(CVAFS). Total dissolved mercury concentration, [THgd], measure-
ments were performed using a similar gold amalgamation pre-con-
centration and CVAFS detection procedure (Gill and Fitzgerald,
1987) following cold oxidation of the organic-Hg compounds by
a BrCl solution (Bloom and Crecelius, 1983) and reduction in a
stannous chloride solution. When possible, duplicate analyses of
the samples were carried out and a reproducibility of better than
10% was obtained, with an average relative standard deviation of
2.8% for samples recovered in 2002. The accuracy, as determined
from replicate analyses of the BEST (NRC Canada) sediment stan-
dard, was better than 15% in 2001 and 5.8% in 2002. The detection
limit for total solid Hg was 5.1 ng g1 (2.6 pmol g1), equivalent to
3 times the standard deviation of procedural blanks. The detection
limit for pore-water Hg was 2 ng L1 (10 pM) and the reproducibil-
ity was better than 6% for concentrations exceeding 50 ng L1
(Gagnon et al., 1996).
Analytical procedures for pore-water and solid-phase methyl-
mercury (MeHgd and MeHgs, respectively) determinations are
based on the methods described by Bloom and Fitzgerald (1988)
and Bloom (1989) as modiﬁed by Gagnon et al. (1996). MeHgd
was extracted from the freshly collected and refrigerated pore
waters with methylene chloride. The solvent was evaporated and
MeHg back-extracted in a buffered (pH = 4.9) aqueous solution
before ethylation. MeHgs was extracted from the frozen-fresh sed-
iments with a 25% KOH in methanol solution for twenty-four
hours. Following the extraction, the MeHg in an aliquot of the
extract was ethylated with sodium tetraethylborate. The volatile
alkyl-mercury compounds isolated from the pore waters and solids
were collected on a Tenax™ trap, separated by isothermal gas
chromatography, thermally decomposed on a quartz column and
the evolved elemental mercury determined by CVAFS. The detec-
tion limit for pore-water MeHg was 0.3 ng Hg L1 (1.5 pM)
whereas the recovery of MeHgd from spiked pore-water samples
was 92 ± 5% (Gagnon et al., 1996). The detection limit for MeHgs
was 0.05 ng Hg g1 (0.25 pmol g1) dry weight (Gagnon et al.,
1996). Duplicate sample and methyl-mercury standard material
(i.e., NRC DORM-1 and laboratory prepared MeHgd external stan-
dards) analyses yielded a reproducibility of better than 10%.
Acid volatile sulﬁde (AVS; amorphous FeSx, mackinawite,
poorly-crystallized greigite) concentrations were determined on
the freshly frozen sediments (i.e., mini-cores) according to the pro-
cedure described by Chanton and Martens (1985) and Hsieh and
Yang (1989) adapted by Gagnon et al. (1995). Pyrite content was
determined on the freeze-dried sediments using the method elab-
orated by Lord (1982). Other analyses (e.g., pore-water Mn and Fe,
reactive Mn and Fe, Corg, Cinorg) performed on these cores are
described in detail and results reported in Deﬂandre et al. (2002)
and Mucci et al. (2003).
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3.1. Pre-ﬂood conditions
Quasi steady-state conditions in the sediments of the Saguenay
Fjord are deﬁned by the geochemical signatures of cores recovered
prior to the July 1996 ﬂood (i.e., SAG-05/1991, SAG-09/1995) or
from a site unaffected by the ﬂood event (i.e., SAG-30). The vertical
distributions of a number of species (e.g., Corg, Cinorg, AVS and pore-
water Mn, Fe and As) in these cores were reported previously
(Mucci et al., 2003). They show the accumulation of reactive Fe
and Mn (1 N HCl-extractable) solids in the thin oxic layer (i.e., oxy-
gen penetration depth <5 mm; Deﬂandre et al., 2000) near the sed-
iment–water interface at all three sites (Fig. 2). These reﬂect the
oxidation and precipitation as oxides of dissolved Fe(II) and Mn(II)
diffusing up from the suboxic sediment where they accumulated
following the reductive dissolution of authigenic and reactive
detrital Fe- and Mn-oxides (e.g., Froelich et al., 1979; Mucci and
Edenborn, 1992; Mucci et al., 2003). At SAG-30, carbon (Cinorg
and Corg), pore-water Fe and Mn as well as 1 N HCl-extractable
solid Fe and Mn proﬁles (Fig. 2) before and after the ﬂood are
nearly identical (Mucci et al., 2003) and support the premise that
this site received only a thin ﬁlm of the ﬂood material and that
the event had no detectable effect on the sediment geochemistry.
Likewise, the THgs proﬁles (Fig. 3a) in cores taken at the same site
before and after the ﬂood further substantiate this hypothesis and
illustrate the progressive burial of sediment-bound mercury under
the natural sedimentation regime.Fig. 2. Vertical distributions of 1 N HCl-extractable Fe and Mn in sediments taken at sta
2001, 2002) the ﬂood event. A detailed discussion of the proﬁles and the diagenetic resSurface sediments (i.e., 0–0.5 cm sampling interval) in cores
recovered in the fjord before the 1996 ﬂood contain total mercury
(THgs) concentrations that range from approximately 100 ng g1 in
the Baie des Ha! Ha! (Fig. 4c) to 300 ng g1 at SAG-30 (Fig. 3a).
Although low relative to the period of peak Hg discharge (up to
12,000 ng g1; values obtained by Loring and Bewers (1978) for
cores recovered between 1964 and 1976), these surface concentra-
tions exceed the pre-industrial values of 25–100 ng g1 estimated
by Barbeau et al. (1981) and Louchouarn and Lucotte (1998).
Gagnon et al. (1997) proposed that these high surface-sediment
concentrations could reﬂect the deposition of contaminated sedi-
ments or soils eroded upstream during periods of high runoff. Nev-
ertheless, at SAG-30 and SAG-09, the bell-shaped patterns of the
[THgs] proﬁles (Figs. 3a and 4c) most likely reﬂect the history of
mercury discharge to the fjord since Hg is known to undergo lim-
ited diagenetic remobilization (Lockhart et al., 1995; Feyte et al.,
2012). This interpretation is supported by 210Pb dating of cores col-
lected in 1976 (Smith and Loring, 1981). It is also interesting to
note that there is a fairly good correlation between the vertical dis-
tributions of particulate organic matter and mercury in the sedi-
ments (e.g., at SAG-30/2000: r2 = 0.55, t(17) = 2.70, p < 0.01; at
SAG-09: r2 = 0.48, t(21) = 2.415, p < 0.025; Appendices A1, A2).
Similar correlations between solid-phase Hg and sedimentary
organic matter have been reported for lakes (He et al., 2007), Long
Island Sound (Hammerschmidt and Fitzgerald, 2004;
Hammerschmidt et al., 2004), Chesapeake Bay and the continental
shelf (Hollweg et al., 2009).
As reported in Gagnon et al. (1997), the vertical distribution of
pore-water mercury (THgd) at SAG-30 (Fig. 3b) and elsewhere intions SAG-05, SAG-09 and SAG-30 before (1995, 1996) and after (1998, 1999, 2000,
ponse of Mn, Fe and As to the ﬂood event can be found in Mucci et al. (2003).
Fig. 3. Geochemical characteristics and steady-state conditions of sediments recovered at SAG-30. (a) Vertical distribution of THgs (ng g1) on four sampling dates over a
6-year period; (b) Vertical distribution of THgd (ng L1), MeHgs (ng Hg g1) and MeHgd (ng Hg L1) at SAG-30 from cores recovered in 1999, 2001 and 2002.
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iments and the highest [THgd] are encountered within the contam-
inated zone of the sediment. The latter suggests that the [THgd]
distribution at depth at SAG-30 may be controlled by exchange/
adsorption equilibrium with solid sediment particles, with most
of the mercury tied up to the latter (Turner et al., 2001;
Hintelmann and Harris, 2004). Near the sediment–water interface
(SWI), the [THgd] is likely controlled by adsorption and desorption
to and from its main carrier phases, fresh particulate organic mat-
ter and authigenic iron oxides accumulating there (e.g., Farrah and
Pickering, 1978; Gobeil and Cossa, 1993; Tiffreau et al., 1995; Feyte
et al., 2010). Upon burial, under suboxic, anoxic and sulﬁdic condi-
tions, organic matter is microbially degraded and reactive iron oxi-
des are reduced, releasing Fe(II) and associated trace metals and
metalloids to the pore waters (e.g., Mucci et al., 2000, 2003;
Harris-Hellal et al., 2011). The fate of mercury released to the pore
waters under these conditions is determined by a number of com-
peting processes including: complexation to dissolved, colloidal orparticulate organic matter (Dyrssen and Wedborg, 1991; Guentzel
et al., 1996; Gagnon et al., 1997; Wallschlager et al., 1998; Turner
et al., 2001; Ravichandran, 2004) as well as to sulﬁdes and polysul-
ﬁdes (Dyrssen, 1985; Jean and Bancroft, 1986; Gagnon et al., 1997;
Benoit et al., 1999; Jay et al., 2000; Bower et al., 2008; Liu et al.,
2008) and methylation (Hammerschmidt and Fitzgerald, 2004;
Hammerschmidt et al., 2004).
A landslide, that occurred at St. Jean-Vianney (Fig. 1) in May
1971, resulted in the transport and rapid deposition of Corg- and
Hg-poor post-Wisconsinian marine clays at the head of the fjord
(La Rochelle, 1973), including at station SAG-05 (Fig. 5). Following
this depositional event and in response to diagenetic remobiliza-
tion, some of the reactive Fe migrated up to the new sediment–
water interface (Fig. 2), but most of it was trapped at depth as
acid-volatile sulﬁdes (AVS) (Mucci and Edenborn, 1992). The pres-
ence of reactive iron at the original sediment–water interface,
combined with the high sulfate reduction rates that ensued follow-
ing the burial of fresh organic matter under the St. Jean-Vianney
Fig. 4. Geochemical characteristics of pre-ﬂood sediments at SAG-09 from a core recovered in 1995: (a) Corg (wt%), (b) Cinorg (wt%) and (c) THgs (ng g1) depth proﬁles. The
break in proﬁle at 10 cm likely corresponds to the deposition of St. Jean-Vianney landslide material that ﬂowed down from the North Arm of the fjord and into the Baie des
Ha! Ha! in 1971 (see text for more details about the landslide).
Fig. 5. Geochemical characteristics of pre-ﬂood sediments at SAG-05 from a core recovered in 1991: (a) Corg (wt%) and Cinorg (wt%), (b) THgs (ng g1) and AVS (lmol g1), and
(c) pyrite-FeS2 (lmol g1) depth proﬁles. The thin stippled lines mark the approximate location of the upper and lower boundaries of the 1971 St. Jean-Vianney landslide
deposit.
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tions that were conducive to AVS precipitation (Gagnon et al.,
1995; Rickard and Morse, 2005). Based on the covariance between
the THgs and AVS proﬁles (r2 = 0.55, t(14) = 2.44, p < 0.025; Fig. 5),
mercury, remobilized as a result of the degradation of organic mat-
ter and the dissolution of authigenic Fe-oxides accumulated at the
former sediment–water interface, appears to have been seques-
tered by these sulﬁdes.3.2. Flood material
The physical and chemical properties of the material deposited
following the 1996 ﬂash ﬂood were described in detail in other
publications (Deﬂandre et al., 2002; Mucci et al., 2003; Tremblay
et al., 2003). In addition to its geotechnical properties (e.g., shear
strength; Tremblay et al., 2003), it can be distinguished in the cores
collected at SAG-05 and SAG-09 by its light brown-grey color that
contrasts with the darker, sulﬁde-rich indigenous sediment, and by
its higher Cinorg content (Fig. 6b). Consequently, the distribution ofCinorg is used hereafter to identify the upper and lower boundaries
of the 1996 ﬂood layer. The variable thickness of the deposited
layer reﬂects the mode of deposition of the material over the bot-
tom topography of the area (Crémer et al., 2002). The ﬂood sedi-
ments have low THgs concentrations, ranging between 45 and
144 ng/g at SAG-09 and between 90 and 172 ng/g at SAG-05
(Figs. 6c). Given the shallow gradients in Corg, Cinorg and THgs con-
tents at the lower boundary of the ﬂood deposit, physical mixing
with the contaminated indigenous sediments likely occurred
during deposition.3.3. Post-ﬂood geochemistry
Following the 1996 ﬂood and the rapid burial of the indigenous
sediments, dissolved oxygen trapped by the deposit was consumed
and the oxygen penetration depth migrated to within a few milli-
meters of the new sediment–water interface (SWI) in less than
three weeks (LeFrançois, 1998; Deﬂandre et al., 2002). Under the
prevailing reducing conditions, the authigenic Fe-oxides that had
Fig. 6. Geochemical characteristics of sediments at SAG-09 and SAG-05 from cores recovered three weeks after the 1996 ﬂood: (a) Corg (wt%), (b) Cinorg (wt%) and (c) THgs
(ng g1). The thick long-dashed line corresponds to the contact between the 1996 ﬂood deposit and the indigenous sediment whereas the thin stippled lines mark the
approximate location of the upper and lower boundaries of the 1971 St. Jean-Vianney landslide in the North Arm of the fjord (i.e., SAG-05).
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some the associated mercury was remobilized. Evidence of this
remobilization can be seen throughout the cores, mostly in terms
of the progressive sequestration of Hg with authigenic iron sulﬁdes
and temporal variations in the solid and pore-water mercury pro-
ﬁles (described in Sections 3.3.1–3.3.4 of this paper) as well as the
remobilization of Mn, Fe and dissolved organic carbon (Deﬂandre
et al., 2002; Mucci et al., 2003).3.3.1. Distribution and phase correlations of sediment THg
The vertical distribution of total mercury in the solids sampled
from cores recovered at SAG-09 and SAG-05 between 1997 and
2001 are presented in Fig. 7. Surface sediment concentrations
range from 50 to 300 ng g1 at both stations. At depth, maximum
[THgs] generally reach 200–400 ng g1 at SAG-09 and 500–
600 ng g1 at SAG-05, but peaks as high as 800–900 ng g1 were
observed in some cores. Typical proﬁles are characterized by
slightly elevated concentrations in the younger indigenous sedi-
ments that accumulated since the ﬂood and lower concentrations
in the ﬂood material. The partial remobilization of mercury after
the catastrophic depositional event appears to be controlled by
its afﬁnity for recalcitrant organic matter, but mostly authigenicsulﬁdes (i.e., AVS) and their distribution within the sediment col-
umn after the ﬂood (Fig. 7, Appendices A2 and A3).
Like after the St. Jean-Vianney landslide of 1971, much of the
Fe(II) released upon the reductive dissolution of authigenic Fe-oxi-
des that had accumulated at the former SWI, was apparently
trapped as authigenic sulﬁdes, mostly AVS, following the 1996
ﬂood (Mucci et al., 2003). The presence of fresh organic matter at
the former SWI stimulated sulfate reduction rates which, in the
presence of pore-water Fe(II) or solid reactive Fe(III) phases, pro-
moted AVS precipitation (Gagnon et al., 1995). Sulﬁde minerals
are strong scavengers of chalcophile elements such as mercury
(Jean and Bancroft, 1986; Huerta-Diaz and Morse, 1992; Morse
and Arakaki, 1993; Gagnon et al., 1997; Bower et al., 2008; Liu
et al., 2008) and, thus, some of the mercury remobilized following
these catastrophic events was immobilized by sorption (adsorption
or co-precipitation) to solid authigenic sulﬁdes, including pyrite
(FeS2) and possibly cinnabar (HgS), but mostly with the AVS that
accumulated close to the lower boundary of the deposits (Figs. 7
and 9). Sedimentary organic matter is also a strong scavenger of
mercury. Sequential extractions have revealed that the afﬁnity of
mercury for solid constituents of Saguenay Fjord sediments
decreases (on a per mole basis of solid) in the following order:
AVS  FeS2 > Corg > Fe/Mn (hydr)oxides (Bono, 1997). As noted by
Fig. 7. Vertical proﬁles of (a) THgs (ng g1) and (b) AVS (lmol g1) at SAG-09 and SAG-05 from cores recovered in 1997, 1998, 1999, 2000, 2001 and 2002. The thick long-
dashed lines correspond to the upper and lower boundaries of the 1996 ﬂood deposit and the indigenous sediment whereas the thin stippled lines mark the approximate
location of the upper and lower boundaries of the 1971 St. Jean-Vianney landslide in the North Arm of the fjord (i.e., SAG-05). The boundaries are identiﬁed on the basis of the
distribution of Cinorg (not shown – see Appendices A2 and A3).
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particulate organic matter, HgS is not likely to form in sediments.
It should be noted that the vertical distributions of pyrite at
SAG-05 and SAG-09 are incompatible (Fig. 8). The ﬂood material
at SAG-09 in the Baie des Ha! Ha! is rich in what is likely detrital
pyrite (present at high concentrations in the oxic, surface sedi-
ments) whereas the material deposited at SAG-05 in the North
Arm of the fjord contains 5 times less pyrite. At SAG-30, our ref-
erence station, the pyrite content varied little over time and
throughout the cores, mostly between 2 and 3 lmol g1. The pref-
erential precipitation of AVS rather than authigenic pyrite in sedi-
ments of the Saguenay Fjord is attributed to the presence of high
reactive iron concentrations (Gagnon et al., 1995).
At SAG-09, the covariance between THgs and organic carbon
concentrations (1996: t(10) = 6.24, p < 0.005; 1997: t(16) = 5.82,
p < 0.005; 199: t(14) = 3.94, p < 0.005; 2000: t(15) = 4.79,
p < 0.005; 2002: t(15) = 3.66, p < 0.005; Fig. 6a, c and AppendixA2) and between THgs and the AVS concentration (AVS: 1998:
t(15) = 4.30, p < 0.005; 2000: t(17) = 2.55, p < 0.01; Fig. 7) suggests
that these are important carrier phases or sinks for this element.
[THgs] peaks usually occur below the AVS maxima. This reﬂects
the fact that AVS serve as strong sinks for remobilized mercury
(Liu et al., 2008) and, thus, inhibit its diffusion up the sediment col-
umn. Nevertheless, as described below, the geochemical behavior
of mercury at this station is slightly more complex due mercury
methylation within the ﬂood layer.
Positive correlations between THgs and organic carbon concen-
trations (e.g., 1996: t(23) = 3.81, p < 0.005; 1997: t(13) = 3.41,
p < 0.005; 1998: (t(15) = 3.97, p < 0.005; and 1999(2):
t(19) = 3.65, p < 0.005; Fig. 6a, c and Appendix A3) and between
THgs and AVS concentrations (e.g., 1998: t(16) = 5.6, p < 0.005;
1999: t(13) = 12.6, p < 0.005; 2001: t(17) = 6.9, p < 0.005; 2002:
t(20) = 7.4, p < 0.005; Fig. 7) are also observed in most of the cores
recovered at SAG-05. Pyrite and THgs are also positively correlated
Fig. 8. Vertical distribution of pyrite (FeS2 – lmol g1) in sediments from (a) SAG-09 in the Baie des Ha! Ha! and (b) SAG-05 in the North Arm of the Saguenay Fjord in cores
recovered in 1996, 1997, 1998 and 1999. The dashed and stippled lines are as deﬁned previously in Fig. 7.
Fig. 9. Least-squares correlations between total mercury content (THgs, ng g1) and AVS (lmol g1) concentration in cores recovered after the ﬂood (i.e., 1998–2002): (A) the
>17-cm deep sediments at SAG-09 (r2 = 0.202) and, (B) the >10-cm deep sediments at SAG-05 (r2 = 0.587). Data from the surface sediments are not included as they simply
plot as a cloud close to the intercept.
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8). Mercury levels in the deeper indigenous sediments (>15 cm
depth) are similar to pre-ﬂood conditions and correlated to the
AVS content at both SAG-09 and SAG-05 (Fig. 9). The stronger cor-
relation at SAG-05 may reﬂect the greater abundance of authigenic
AVS relative to the authigenic and detrital pyrite (Figs. 7 and 8) and
competitive adsorption between these phases and other substrates
(e.g., organic matter). At SAG-05, peak THgs concentrations are
seen 10–20 cm below the base of the 1996 mass ﬂow layer and
are associated with high AVS and FeS2 contents (Figs. 7 and 8) at
the upper boundary of the 1971 St. Jean-Vianney landslide deposit
(Mucci and Edenborn, 1992). In other words, the Hg, trapped
by authigenic sulﬁdes that formed following the 1971 St. Jean-
Vianney landslide, appears to be relatively immobile.3.3.2. Pyrite-associated mercury
Authigenic iron sulﬁdes (i.e., AVS and pyrite) are thought to
be important sinks for adsorbed/co-precipitated trace metals
(Huerta-Diaz and Morse, 1992; Morse and Arakaki, 1993;
Morse, 1994; Morse and Luther, 1999; Wolfenden et al., 2005).
The co-variance of THgs and AVS concentrations in the sediments
of the Saguenay Fjord was noted above (Fig. 9). AVS are
metastable and thought to serve as precursor phases for authi-
genic pyrite in marine sediments (Berner, 1970; Goldhaber and
Kaplan, 1980; Rickard, 1975; Gagnon et al., 1995; Rickard
and Morse, 2005). Trace elements associated with AVS are
released during their conversion to pyrite and can be
re-adsorbed by other solid phases (Elderﬁeld et al., 1979; Feyte
et al., 2010).
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been documented (Morse and Arakaki, 1993; Huerta-Diaz et al.,
1998; Morse and Luther, 1999), the determination of mercury
associated with these solids has proven difﬁcult due to its propen-
sity to re-adsorb onto residual solid phases upon the acid-dissolu-
tion of the AVS (Hall and Pelchat, 2005). Nevertheless, studies
carried out with mono-mineralitic phases have demonstrated the
strong afﬁnity of Hg for iron monosulﬁdes (Wolfenden et al.,
2005; Jeong et al., 2007; Chavez et al., 2013). The amount of mer-
cury associated with pyrite [py-Hg] in sediments recovered from
SAG-30, SAG-09 and SAG-05 in 2002, was determined using the
method of Lord (1982), the dissolution of the isolated solid in con-
centrated nitric acid, and CVAFS analysis, but our results are clearly
plagued by a procedural artefact as an anomalously large fraction
of the total mercury content of the sediments (47–79% of the THgs)
was recovered in the last extraction step. Hence, we believe that
mercury released following the dissolution of various carrier
phases (e.g., organic matter, metal (hydr)oxides) during the
sequential extraction, was rapidly and strongly re-adsorbed onto
the residual (authigenic or detrital) pyrite.
3.3.3. Pore-water THg distribution
Vertical proﬁles of total pore-water mercury (THgd) in sediment
cores recovered from SAG-05 and SAG-09 between 2000 and 2002
are presented in Fig. 10. Concentrations range from 5.2 to
107 ng L1 at SAG-05 and from 1.5 to 72 ng L1 at SAG-09. They
are relatively low in the oxidized surface sediments but increase
with THgs levels at depth. Like at SAG-30 (Fig. 3b), elevated [THgd]
are found below the oxic layer (Fig. 10), likely a result of fresh
organic matter degradation and the dissolution of Fe oxides with
burial. Variable and elevated [THgd] within the ﬂood layer as well
as in the older indigenous sediments reﬂect the remobilization of
mercury following the dissolution of authigenic Fe oxides and
the degradation of organic matter from the older, Hg-laden indig-
enous sediments, remobilization driven by the concentration gra-
dient in the Hg-poor ﬂood sediments and, to a smaller degree,
compaction of the high porosity ﬂood deposit (Maurice and
Locat, 2000; Tremblay et al., 2003). Given the high afﬁnity of mer-
cury for organic matter and AVS (Bono, 1997; Hammerschmidt and
Fitzgerald, 2004; Chavez et al., 2013; Johannesson and Neumann,
2013; this study), this results in a high degree of covariance
between [THgd], [THgs], Corg and AVS throughout the cores.
3.3.4. Mercury methylation
Solid and pore-water methyl-mercury (MeHg) proﬁles in cores
taken at SAG-30 in 1999 and 2001 (Fig. 3b) are, for the most part,Fig. 10. Total dissolved mercury (THgd) proﬁles in sediment cores recovered from: (a) SA
lines are as deﬁned previously in Fig. 7.strongly correlated and display peaks at the same depth as THgs. At
SAG-09 (Fig. 11a), MeHgs accounts for very small proportions of
the sediment total mercury concentration at each depth, ranging
from 0.01% to 0.21% (0.027–0.22 ng Hg g1) in 1999 and 0.02% to
0.62% (0.014–0.46 ng Hg g1) in 2001. On the other hand, MeHgd
makes up between 1% and 64% of the [THgd], with values ranging
from 0.31 to 6.3 ng Hg L1 in 2001. At SAG-05 (Fig. 11b), MeHgs
makes up between 0.01% and 0.29% of the total mercury at each
depth interval. [MeHgd] vary between our detection limit
(0.3 ng Hg L1; 1.5 pM) and 45 ng Hg L1 and account for 2–74%
of the total dissolved mercury in the 2001 core. At all three stations
(SAG-30, SAG-09 and SAG-05), the presence of MeHgd peaks below
the oxic/anoxic boundary (1–3.5 cm sub-bottom depth; Figs. 3b,
and 11) indicates that iron and/or sulfate reducing conditions
(Fleming et al., 2006) and low [RH2S] may be conducive to the
build-up of MeHg. Gagnon et al. (1996) and Cossa and Gobeil
(2000) reported similar observations in cores collected, respec-
tively, in the fjord in 1992 and the Lower St. Lawrence Estuary in
1996. Very low [MeHgd] in the surface, oxic sediments (i.e., top
5 mm) indicate that upward diffusion of MeHgd to the overlying
waters is inhibited, either by adsorption onto the fresher particu-
late organic matter and authigenic metal oxides or by demethyla-
tion (Gagnon et al., 1996; Feyte et al., 2010).
Whereas [MeHgd] measured in this study are similar to those
reported by Gagnon et al. (1996), the solid MeHg concentrations
(MeHgs), measured at all three stations in 1999 and 2001, are
nearly two orders of magnitude lower than those measured in
the North Arm in 1992 (Figs. 3b, and 11) and only 5–8 times our
detection limit (0.05 ng Hg g1). This most likely reﬂects the lower
THgs in the surface and ﬂood sediments (i.e., substrate limitation;
Cossa et al., 2014) as well as the greater sequestration of THgs with
authigenic sulﬁdes and its unavailability to methylators at depth
(Benoit et al., 1999).
The cores recovered at SAG-09 and SAG-05 show slightly ele-
vated [MeHgs] at, respectively, the lower boundary of the ﬂood
layer (Fig. 11a) and upper boundary of the St. Jean-Vianney land-
slide deposit (Fig. 11b) and these are fairly well correlated or
slightly above the [THgs] peak in each core (Figs. 7, and 11b). We
observe a similar correlation in the SAG-30 core (Fig. 3a and b).
Given that elevated [MeHgd] are not observed at the same depths,
the higher [MeHgs] may reﬂect an earlier episode of Hg methyla-
tion of the highly contaminated sediment, the product of which
was scavenged by the solid substrate, including authigenic AVS,
and buried.
Given the low [MeHgs] observed throughout the sampled
depths at all three stations after the ﬂood, it would appear thatG-05 in 2002, (b) SAG-09 in 2001 and, (c) SAG-09 in 2002. The dashed and stippled
Fig. 11. Solid and pore-water methyl mercury (MeHg) proﬁles in sediment cores recovered at (a) SAG-09 and (b) SAG-05 in 1999 and 2001. The dashed and stippled lines are
as deﬁned previously in Fig. 7.
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The [MeHgs] values are more than one order of magnitude lower
than those reported by Gagnon et al. (1996) from a core taken in
the North Arm of the Fjord in 1992 and we can only surmise that
the deposition of the ﬂood material and burial of the most Hg-con-
taminated sediments limited the source of substrate for methyla-
tion (Bartlett and Craig, 1981; Compeau and Bartha, 1985;
Gilmour and Henry, 1991; Cossa et al., 2014).
Finally, AVS peaks formed under similar conditions following
the deposition of the 1971 St. Jean-Vianney landslide material
appear to have been unaffected by the 1996 event and remained
immobile. The mercury, remobilized from the buried, contami-
nated sediments at SAG-05 and tied up with authigenic iron sul-
ﬁdes, was mostly sequestered below the original sediment–water
interface, whereas the Hg moved up higher and was sequestered
within the ﬂood layer at SAG-09. The indigenous sediments at
SAG-05 are richer in organic carbon and, thus, more reducing,
resulting in a more rapid establishment of anoxic conditions fol-
lowing the mass ﬂow event and a more rapid and localized precip-
itation of authigenic sulﬁdes (AVS).4. Summary and conclusions
Prior to the1996Saguenayﬂoodand the rapiddepositionof post-
Wisconsinian sediments at the head of the fjord, the vertical distri-
bution of total mercury in the sediment (THgs) of the Baie des Ha!
Ha! (SAG-09) (and at SAG-30 in the deepest basin where the ﬂood
deposit was negligible) reﬂected the progressive burial of sedi-
ment-bound mercury under near steady-state conditions and
recorded a fairly accurate history of mercury discharge to the Sagu-
enay Fjord. The concentration of pore-water mercury (THgd) in the
surface sediments at both stations was controlled by the fate of its
main carrier phases, particulate organic matter and reactive iron
oxides, and by an exchange equilibrium with THgs at depth.
Burial of the contaminated indigenous sediments by mercury-
poor postglacial deltaic sediments during the 1996 mass ﬂow
event resulted in the rapid consumption of the pore-water dis-
solved oxygen advected with the deposit and the migration of
the oxygen penetration depth to within a few millimeters of the
new sediment–water interface (SWI) in less than three weeks.
Upon the establishment of suboxic/anoxic conditions in the ﬂood
and former surﬁcial indigenous sediments, a fraction of the mer-
cury was remobilized following the reductive dissolution of reac-
tive Fe-oxides and the degradation of organic matter to which it
was associated.At SAG-09, most of the remobilized Hg was co-precipitated/
adsorbed onto authigenic AVS precipitated in the vicinity of the
former sediment–water interface (SWI) and within the lower sec-
tion of the ﬂood deposit. Likewise, the mercury remobilized after
the 1996 ﬂood at SAG-05 also seems to have been sequestered
by AVS, but the precipitation of the latter and Hg sequestration
occurred mostly below the original SWI, most likely because the
indigenous sediments at SAG-05 are richer in organic carbon and,
thus, more reducing than at SAG-09, resulting in a more rapid
establishment of anoxic conditions upon the deposition of the
ﬂood material and a more localized precipitation of authigenic sul-
ﬁdes (AVS). A similar behavior was observed for arsenic in these
same sediments (Mucci et al., 2003). The AVS peaks formed follow-
ing the 1971 St. Jean-Vianney landslide (Mucci and Edenborn,
1992; Mucci et al., 2003) at SAG-05 and the associated Hg
remained immobile and unaffected by the later 1996 event.
Our results are consistent with the hypothesis that chalchophile
elements, such as Hg and As, that either form distinct insoluble sul-
ﬁde minerals, co-precipitate with or adsorb to Fe sulﬁdes (Huerta-
Diaz and Morse, 1992; Mucci et al., 2003; Wolfenden et al., 2005;
Jeong et al., 2007; Liu et al., 2008; Xiong et al., 2009; Chavez
et al., 2013) would be immobilized and trapped in the vicinity of
the former sediment–water interface following a mass-ﬂow event
in the Saguenay Fjord (or any organic-rich marine or estuarine sed-
iment). Nevertheless, a fraction of the Hg(II) released from the bur-
ied, contaminated sediments migrated up into the ﬂood deposit
where it was scavenged by AVS and particulate organic matter.
Althoughmore active near the new SWI, bacterialmethylation of
mercury also tookplace in the vicinity of the former SWI despite two
competing processes: the precipitation of acid-volatile sulﬁdes
favoured mercury methylation by inhibiting the build-up of pore-
waterRH2Swhereasmercury adsorption onto these sulﬁdes limited
the quantity of mercury available to methylating bacteria. The
methyl-mercuryproduced in this setting appears to be either sorbed
(adsorbed and/or co-precipitated) onto the freshly precipitated iron
sulﬁdes or to the organic matter. Throughout the sediment column,
sediment–water partitioning of inorganic Hg(II) andMeHg seems to
be controlled in great part by the residual organic matter content of
the sediment, resulting in covariant distributions of pore-water
Hg(II) and MeHg with particulate organic carbon.
Mercury methylation could be further enhanced by bioturba-
tion through mixing of labile organic substrates and bio-available
inorganic Hg at depth (associated with organic matter and Fe-oxi-
des) where methylating bacteria reside and, thus, increase its avail-
ability to benthic organisms (Johnson et al., 2010). However, in
areas such as at SAG-09, most of the Hg is trapped below the depth
24 A. Mucci et al. / Applied Geochemistry 54 (2015) 13–26(i.e., 15 cm) at which most benthic organisms burrow (Boudreau,
2000), limiting its availability to the benthic fauna. Finally, the per-
sistence of elevated solid Hg and MeHg concentrations at the new
SWI can be explained by the resumption of the normal sedimenta-
tion regime and the delivery of Hg-laden particles originating from
the erosion of contaminated soils in the drainage basin.
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